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In this thesis, the development of Fourier Transform micro-spectrometer based on 
lamellar grating principle is reported. This micro-spectrometer has the potential to be 
used as chemical sensor for environmental monitoring. Most commercial 
spectrometers have been characterized as being too delicate, too expensive and too 
bulky; limiting their usage to be only within laboratory premises. The ability to 
miniaturize current spectrometer will certainly be welcomed as it increases the 
portability of the equipment; allowing spectrometers to perform diagnostic tests in the 
field at real time. The miniaturization of the spectrometer is achieved using Micro-
electrical Mechanical Systems (MEMS) technology. The first prototype of a lamellar 
grating based micro-spectrometer has proven the feasibility of the idea. A grating 
displacement of ~28μm has been achieved using electrostatic actuation, yielding 
spectroscopic resolution of 14.3nm and 10.1nm at 632.8nm and 532nm respectively. 
The resolution of the spectra is the minimum separation for two spectra lines in the 
spectrum so as to enable clear identification. Most importantly, the resolution of an 
interferometer varies inversely as the maximum optical path difference and it is true 
for both the visible and IR range of the light spectrum.  The second lamellar grating 
based micro-spectrometer, which is actuated using electromagnetic actuation, has 
several advantages over electrostatic actuation such as bidirectional actuation, larger 
actuation force and linear relationship with input current. The maximum optical path 
difference (OPD) achieved by the device is increased significantly using the 




and 3.44nm at 532nm is achieved. Finally, the idea of achieving the same performance 
of the spectrometer at a lower voltage requirement is explored. This is done by 
actuating the micro-spectrometer at the resonant frequency of the device. While a 
decent displacement is achieved at a relatively low voltage input, a new electronic data 
acquisition system is designed to capture the IR interferogram when the device is in 
motion. The spectrometer is used to measure the output of a tunable laser source from 
wavelength at 1520nm to 1590nm at 10nm intervals. The peak of the calculated 
spectra is very close to the actual wavelength of the input IR, with a maximum 
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CHAPTER 1. INTRODUCTION 
 
In this chapter, the idea of chemical sensors based on optical absorption spectroscopy 
is proposed. A very brief introduction of chemical sensors is presented, followed by an 
overview of spectroscopy with a brief description of the various types of spectrometers. 
Next, Fourier Transform Infra-red Spectroscopy (FTIR) will be discussed in more 
detail as it is the main focus of the project. The history and working principles of the 
FTIR system will be described in detail as well as the advantages of this technique as 
compared to other spectroscopy. Subsequently, the feasibility of integrating Micro-
Electro Mechanical Systems (MEMS) technology and FTIR spectroscopy is discussed. 
The objective of the project is to miniaturize current spectrometer using MEMS 
technology so as to increase the portability of the equipment. The technical issues 
involved in developing a micro-spectrometer will also be discussed. Next, MEMS 
technology is introduced. A brief discussion on the fabrication techniques of MEMS 
devices will be presented so as to provide an understanding for the description of the 
fabrication process in the following chapters. A literature review of the research works 
on MEMS based spectroscopy is presented. Finally an overview of this thesis will be 
introduced, providing a brief summary of the content of each chapter.  
  
1.1 Introduction to Optical Spectroscopic Chemical Sensors  
 
Chemical sensors play a pivotal role in environmental monitoring. The applications of 




CO, CH4 and other toxic or flammable gases to enhance occupant safety), homeland 
security (e.g. providing early warning of a potential terrorist attack using chemical or 
biological weapon, and detecting evidence of manufacturing or carrying chemical or 
biological materials), and urban air pollution control (e.g. sensing emission gases from 
automobiles, and detecting the concentration of volatile organic compounds, carbon 
monoxide, nitrogen oxides, and other gases in the environment and from industrial 
sources). 
 
Chemical sensors based on optical absorption spectroscopy have attracted great 
interest in recent years. These sensors exploit the fact that most chemicals have unique 
signatures or molecular "fingerprints" in the infrared region. The particular wavelength 
identifies the gas and the amount of light absorbed by the chemical determines its 
concentration. As a result, optical spectroscopic sensors provide conclusive 
identification and measurement of the target chemical with little interference from 
other chemicals and therefore do not suffer from cross-sensitivity and false alarm 
problems. Apart from high sensitivity and low cross-sensitivity, they also offer 
additional important features such as the lack of time-consuming sample preparation, 
multi-component capability allowing several species to be monitored with one 
instrument, inertness against electromagnetic interference, robustness and versatility. 
 
1.2 Overview of Spectroscopy 
 
Spectroscopy is the study of the interaction of electromagnetic radiation with matter. A 
molecule may undergo rotational, vibrational, electronic or ionization processes when 




electromagnetic radiation by atoms or molecules. Detailed information regarding 
molecular structure (molecular symmetry, bond distances and bond angles) and 
chemical properties (electronic distribution, bond strength and intra and inter 
molecular processes) can be obtained from the atomic and molecular spectra [1]. The 
analysis of the spectrum can, therefore, gives us a positive identification of every 
different kind of material in the sample and the size (magnitude) of the peaks in the 
spectrum is in direct relation to the amount of material in the sample. Spectroscopy has, 
hence, becoming a burgeoning field finding application in many branches of sciences, 
including physics, chemistry, biosciences, surface science and material science. 
 
Over the years, various spectroscopic methods have been invented and they can 
generally be classified into three groups based on the nature of the interaction with the 
incident radiation. 1) Absorption spectroscopy determine the range of electromagnetic 
spectra which is absorbed by the sample. Examples include infrared spectroscopy in 
the infrared range and nuclear magnetic resonance spectroscopy (NMR) in the radio 
frequency range. 2) Emission spectroscopy detects the electromagnetic spectra which 
is radiated by the sample, such as photoluminescence spectroscopy. 3) Scattering 
spectroscopy such as Raman spectroscopy is concerned with the scattering of radiation 
by the sample, rather than the absorption or emission processes.  
 
The emphasis of this project will focus mainly on absorption spectroscopy. In the next 







1.3 Types of Spectrometers 
 
A spectrometer is any device that measures a spectrum. In an optical spectrometer, the 
emission, absorption, or fluorescence spectrum of a material is measured. 
Spectrometers come in many different forms, and their function can be based on any 
physical phenomenon that varies with optical wavelength or frequency. A few types of 
spectrometers will be described in the following section, namely prism spectrometer, 
grating spectrometer, Fabry Perot spectrometer and Fourier transform spectrometer.  
 
1) Prism Spectrometer 
Prism spectrometer is initially used to determine the refraction index of materials. The 
standard configuration of a prism spectrometer is shown in Figure 1.1. Light enters the 
system through a slit and is collimated by the first lens. The IR light is directed 
through the prism which “bends” each wavelength at a slightly different angle. The 
dispersed beams are then focused onto the detector array by a second set of lenses. The 
detector thus records the spectra of the IR radiation illuminating the exit slit [2]. 
 

















2) Grating Spectrometer 
Grating spectrometer come in the form of plane transmission grating or blazed 
reflection grating. They disperse the light by a combination of diffraction and 
interference rather than the refractive index variation with wavelength, as with a prism. 
For an echelette reflection grating, the grating surface consists of a periodic array of 
parallel grooves of triangular shape. Such surfaces diffract the light and act like a 
mirror which concentrates radiation of a certain wavelength into a certain direction in 
space [3]. The grating is rotated, and wavelength after wavelength passes the slit and 
its radiation is detected by the detector. The configuration of the grating spectrometer, 
operating in transmission, is similar to that of the prism spectrometer by simply 
substituting the prism with the transmission grating as shown in Figure 1.2(a). In the 
case of a reflection grating, a Fastie-Ebert mount can be used as shown in Figure 
1.2(b). 
 
Figure 1.2: (a) Configuration of a plane transmission grating spectrometer, (b) A 









3) Fourier Transform Spectrometer 
Another method of dispersing light is through the use of interferometer. The 
interferogram is obtained by the superposition of two light beams and the variation of 
their optical path difference. The spectrum from an interferometer is recorded in the 
length domain rather than the frequency domain; hence the spectrum collected from 
the interferometer need to be processed using a mathematical method called Fourier 
transformation so as to obtain the usual intensity-versus-frequency/wavenumber type 
of spectrum which we usually obtained. This creates a new branch of spectroscopy 
called “Fourier spectroscopy” which generally describes the analysis of any varying 
signal into its constituent frequency component. Although Fourier Transform 
spectroscopy can be employed over a wide range of the electromagnetic spectra, it is 
used mostly in the far-, mid- and near- infrared regions of the spectrum and hence it is 
also usually called Fourier Transform Infrared Spectroscopy (FTIR). The major 
advantage of the FTIR technique over the dispersive spectrometer is that almost all 
compounds show characteristic absorption/emission in the IR spectra region; hence 
samples can be analyzed both quantitatively and qualitatively.  
 
Some examples of interferometers include Michelson’s interferometer, Mach-Zehnder 
interferometer and lamellar grating interferometer. Configuration of Michelson’s 










Mirror 2 Beam Splitter 1 
Beam Splitter 2
(b) 
Figure 1.3: (a) A Michelson’s interferometer, (b) A Mach-Zehnder interferometer  
 
4) Fabry Perot Spectrometer 
The Fabry Perot spectrometer is the multiple beam equivalent of the Michelson 
interferometer. The equivalent optical system of a multiple-beam interferometer has as 
many images as there are interfering beams and a series of values is required for each 
parameter, instead of the single value that describes a two-beam interferometer. The 
Fabry Perot spectrometer consists of two transparent plates with plane surfaces, the 
two inner surfaces being coated with partially transmitting coating of high reflectance. 
Part of the light is transmitted each time the light reaches the second surface, resulting 
in multiple offset beams which can interfere with each other. The large number of 
interfering rays produces an interferometer with extremely high resolution, somewhat 
like the multiple slits of a diffraction grating increase its resolution. When focused by a 
lens, the interference fringes form concentric circles. A configuration of the Fabry 






Fabry Perot spectrometer. 
Figure 1.4: A Fabry Perot spectrometer.  
 
1.4 Fourier Transform Infrared Spectroscopy (FTIR) 
 
As the proposed device in this report is based on Fourier Transform Infrared 
Spectroscopy (FTIR), it will be discussed in more detail in this section. The history 
and development of FTIR technology will be described, followed by a discussion on 
the advantages of FTIR over the other types of spectroscopy techniques.  
 
1.4.1 History and development of FTIR 
 
One of the pioneers in Fourier transform interferometry is Albert A. Michelson who 
designed the first interferometer in 1891. This original design of the interferometer is 
also known as Michelson interferometer and has immense influence on the future 
development of interferometers.  The basic design of a Michelson interferometer is 
essentially an optical assembly composed of a beamsplitter, a moving mirror, and a 
stationary or fixed mirror. The beamsplitter is used to split a beam of radiation into 




the beam by the movable mirror. Although Michelson knew the spectroscopic 
potential of his interferometer, the lack of sensitive detectors and limited computing 
power available at that time to perform the Fourier transforms of the interferograms 
were barriers for its practical applications [6]. Practical Fourier transform 
spectrometers surfaced only in the late 1940s and are used for astronomical 
observations. Computing power has increased tremendously then but the processing of 
the interferogram still remain a laborious and time consuming task. 
 
In the 1960s, the interest in Fourier transform spectroscopy grew again and much 
advancement had been made in the theory of interferometric measurements and its 
application to physical systems. The development of fast Fourier transform (FFT) 
algorithm by  Cooley and Turkey had allowed Fourier transforms to be computed more 
efficiently and greatly reducing the computing power and time which had always been 
hindering the progress of FTIR. By the 1970s, the technology of the FTIR had matured, 
reducing the cost and making FTIR spectrometer more accessible. Today, FTIR 
spectrometers, aided by fast computers, are common laboratory instruments which are 
able to perform Fourier transformation in a fraction of a second. These are used for 
spectroscopic analysis in many diverse disciplines with affordable price and enhanced 
capabilities. 
 
1.4.2 Advantages of FTIR 
 
There are many advantages of FTIR spectroscopy over the conventional, dispersive 






   The interferometer does not separate the incident light into individual frequencies 
before measurement. The simultaneous measurement of detector signal for all the 
frequency of the spectrum is known as multiplex. Fellgett was the first person to 
transform an interferogram numerically by using the multiplex advantage, and hence 
this advantage is also called the Fellgett advantage [7]. This feature enables FTIR 
spectrometer to make measurements in seconds as compared to several minutes in 
conventional spectrometer.  
 
2) Higher signal to noise ratio 
The improved signal to noise ratio is inherent to the Fellgett advantage as mentioned 
above and also the high optical throughput of the FTIR spectrometer which is also 
known as the Jacquinot Advantage. Due to the Fellgett advantage property, each point 
in the interferogram contains the information of each wavelength from the input signal. 
It simply means that if 10,000 points are collected in the interferogram, then each 
wavelength of the input signal is sampled 10,000 times; hence reducing the random 
measurement noise. This is much more than the conventional, dispersive spectrometer 
which samples each wavelength only once.   
 
The increase in optical output from the FTIR spectrometer is first realized by Jacquinot. 
Conventional spectrometers, using prism or diffraction grating as dispersing elements, 
obtain their spectra by scanning the desired frequency range at successive resolution 
intervals. In order to achieve good resolution, narrow apertures are used to block out 
the rest of the spectra such that only the frequency of interest is measured by the 




detector. In the case of the interferometer, no apertures are used, in fact, a collimator is 
used to focus the light source into the sample, resulting in more energy being passed 
on to the detector as compared to the dispersive spectrometers. Both the Felgett 
Advantage and the Jacquinot Advantage increased the signal-to-noise ratio of the FTIR 
spectrum tremendously and have been universally recognized as the core advantage of 
FTIR spectroscopy [6]. 
 
3) Higher accuracy in spectra measurement due to internal calibration 
An FTIR spectrometer employs a visible laser ouput, usually a HeNe laser as an 
internal wavelength standard. This is discovered by Connes as a method of improving 
the frequency accuracy and hence is also called Connes Advantage [8]. Conventional 
dispersive instruments have problems ensuring high frequency precision and accuracy 
of their spectra because of the reliance on regular calibration with external standards 
and also the unsatisfactory ability of the mechatronics components to produce uniform 
and precise motion of the gratings and slits. In an FTIR spectrometer, the reference 
laser is also projected to the interferometer, together with the wide-band source. The 
interferometric signal from this monochromatic laser is then used to clock the mirror 
movement and also the sampling of the detector. The frequency of the output spectrum 
can then be calculated by the known frequency of the laser light. The ability to impose 
self calibration using the reference laser is much more accurate and stable than the 








1.5 Integration of FTIR Spectroscopy and MEMS 
 
Presently, the main components of a conventional FTIR spectrometer consist of bulky 
optical components such as prisms, gratings or reflective mirrors. The optical elements 
of the spectrometer need to be large scale in order to ensure the resolution and signal-
to-noise ratio as required for laboratory application. Moreover, sophisticated actuation 
systems must be installed to provide precise and accurate movement of the optical 
element. As a result, most commercial spectrometers have been characterized as being 
too delicate, too expensive and too bulky; limiting their usage to be only within 
laboratory premises. The ability to miniaturize current spectrometer will certainly be 
welcomed as it increases the portability of the equipment; allowing spectrometers to 
perform diagnostic tests in the field at real time. This is an especially important quality 
if the spectrometers are used as chemical sensor. Some other exciting applications of 
micro-spectrometers include in-situ environmental monitoring, food safety verification 
and toxic gas alarming systems for defense purposes. 
 
The main challenge in building micro-spectrometer is to still achieve reasonable 
performance (especially the resolution and the signal-to-noise ratio) during the down-
scaling process. Generally, there are two consequences when the size of the 
spectrometer is reduced. First, there will be a significant reduction of the throughput, 
or the optical power transmitted due to the smaller mirror areas or other optical 
components used. Next, the resolution achievable by micro-spectrometers will also be 
lowered as this property is linearly dependent on the displacement of its moving mirror. 
However, in spite of the slight compromise in the performance, micro-spectrometers 




benefits of being a portable spectrometer system simply outweigh the slight 
disadvantage. As a matter of fact, conventional laboratory spectrometers have often 
outperformed the requirements for most industrial applications, where issues such as 
costs, sample volume and measurement time are of more critical importance. 
 
The other challenge in micro-spectrometer is to fabricate the device itself. Smaller 
spectrometer systems have already been realized and sold commercially for the past 
few years; however, they still rely on conventional fabrication technologies which 
posed as a limiting factor of how far the down scaling can proceed. The integration of 
Micro-electrical Mechanical Systems (MEMS) capability and spectrometers seems to 
provide the solution for the realization of a truly small and lightweight micro-
spectrometer. The possibility of an on-chip integration of optics and microelectronics 
has motivated scientists and researchers to explore and study possible spectrometer 
designs to be implemented with MEMS fabrication techniques. The main concern for 
the realization of such single chip silicon optical systems is the ability to make high 
quality optics components as the dimensions are downscaled. To date, much research 
works have been done to make micro-lens of constant focal length and also micro-
mirrors of reasonable optical flatness. In addition, the in-system alignment of these 
optical components for proper optical signal processing such as collimation and 
focusing will poised to be a concern as dimensions go into the micro scale. The next 
section will provide a better understanding on MEMS technology and also discuss the 





1.6 Introduction to Micro-Electro Mechanical Systems 
(MEMS) 
 
Micro-electrical Mechanical Systems (MEMS) is the integration of mechanical 
elements, sensors, actuators, and electronics on a common substrate (eg. silicon) 
through microfabrication technology. The microelectronic can be regarded as the brain 
of the system, while the mechanical components act as the actuators and sensors. 
These systems can sense, control and activate mechanical processes on the microscale, 
and function individually or in arrays to generate effects on the macro scale. In an 
essence, the microsensors gather information from the environment by measuring 
physical properties such as temperature, stress, strain, pH, magnetic flux; these 
information are then processed by the electronics and through some decision making 
process, the micro-actuators are instructed to respond by performing some form of 
actuation so as to create a desired influence to the environment; hence providing some 
kind of control capability in the system. As such, MEMS technology has found 
application in almost all aspect of science. Examples include pressure sensors, 
accelerometers, gyroscopes and optical devices, as well as chemical, biomedical and 
microfluidic applications. 
 
The advancement in MEMS technology leveraged on the mature fabrication 
techniques developed for integrated circuit to add mechanical elements such as beams, 
gears, and springs to devices. The integrated circuit fabrication technology is 
characterized by miniaturization and multiplicity. In a bid to stay up with Moore’s 
prediction, there is always a motivation for microelectronic researchers and engineers 




and to cramp more devices per unit die area. Multiplicity is an inherent property of the 
fabrication process such that thousands of devices can be produced with the same 
process flow from one single wafer. This property improves the efficiency of the 
fabrication process and also reduced the cost per device drastically. The 
microfabrication techniques used in the IC industries provide a powerful tool for batch 
processing and miniaturization of MEMS devices into a dimensional domain which is 
not accessible by conventional machining processes. Moreover, the same fabrication 
process platform allows better integration of the mechanical systems with the 
electronic components so as to achieve a high performance closed loop controlled 
MEMS.   To date, devices with sub-micron feature size have been in commercial 
production while foundries with full fabrication capabilities are available to provide 
MEMS fabrication services for commercial or even research purposes. 
 
1.6.1 Overview of Microfabrication Technology 
 
The three basic tools of MEMS microfabrication techniques are (1) deposition, (2) 




Deposition is the process of putting a thin film of material on the substrate (usually 
silicon). The thin film thickness can range from several nanometers to hundreds of 
microns depending on the process time and type of deposition process used. The 




1) Starting silicon wafer.  
2) Deposition of new material 
using CVD, PECVD, 
sputtering or evaporation. 
3) Spin coating of photo 
resist. 
4) Lithography to transfer 
pattern from mask to photo 
resist.  
4) Developing of photoresist 
using solvent. 
5) Etching of deposited 
material with photoresist as 
mask. 
6) Removal of photoresist. 
Pattern is transferred to the 
wafer. 




reactions between specified reagents or with the substrate material itself create new 
materials which are deposited on the substrate to form the thin films. In some cases, 
plasma maybe introduced to enhance the reaction process; hence allowing higher 
deposition rate at lower temperature. Examples of chemical based deposition processes 
include Low Pressure Chemical Vapor Deposition (CVD) and Plasma Enhanced 
Chemical Vapor Deposition (PECVD). For physical process, the new materials are 
moved physically to the substrate, no chemical reactions are involved. This can be 
done by bombarding a target (made up of the intended depositing material) with ions 
so as to dislodge the molecules from the target’s surface. These molecules are then 
deposited onto  
the substrate surface. Examples of such processes include ion beam sputtering and the 
E-beam evaporation method. The deposited materials can be used as the sacrificial 
layers for protection of existing structures, masks for design transferring or even 
structural layers for the devices [9]. 
 
2) Lithography 
Lithography is used to transfer a design to the wafer itself and it is normally achieved 
using light sensitive, polymer photoresist. A brief lithography process is as follows: 
First the photoresist is spin-coated onto the wafer; a lithography mask which constitute 
of the design to be transferred is used together with a light source, usually ultra-violet 
radiation, to expose the wafer. When a negative type of photoresist is used, the 
radiation exposure caused the photoresist under the exposed region of the mask to be 
cross-linked. An appropriate solvent (also called the developer) will be used to develop 
the exposed wafer. During the development process, the cross-linked region of the 




washed away by the solvent. The photoresist pattern left on the wafer is the negative 
image of the pattern on the mask (hence the name negative resist). The pattern of the 
photoresist can then be transferred to its underlying material (which could be the thin 
film deposited using the method as mentioned above or the substrate itself) by the 
etching process. 
 
3) Etching  
Etching is the process of removing material (either the thin film or the substrate itself) 
from the wafer surface. It is essentially also a pattern transferring process such that the 
areas which are not covered by a protective maskant layer such as photoresist or an 
oxide will be etched away, and hence the pattern get transferred. In general, the 
etching processes can be classified into wet etching and dry etching. Wet etching 
involves using chemical solutions to react with the material and removed it as a by-
product. For example, potassium hydroxide (KOH) is commonly used to etch single 
crystalline silicon wafers. One drawback of wet etching is that the final etch feature 
depends on the crystalline orientation of the wafer and these posed serious constraints 
to the feasible design of the MEMS devices. Different chemical solutions are also 
available commercially to etch away common thin film layers such as gold, chrome 
and aluminum. Dry etching covers a broad spectrum of process of which materials are 
etched in the gas or vapor phase, physically by ion bombardment (eg. sputtering or 
ion-beam etching), chemically by a chemical reaction through a reactive species at the 
surface (eg. reactive ion etching, RIE), or by combined physical and chemical 
mechanisms (eg. chemically assisted ion-beam etching, CAIBE; deep reactive ion 
etching, DRIE). Similar to deposition process, plasma is also used to assist in the 




used to increase the reactivity of the reactive species chemically or energized to 
bombard and dislodge molecules from the surface physically. 
 
1.7 Literature Review of MEMS-based spectroscopy 
 
Minaturization of spectrometers using MEMS technology have been reported by 
several research groups around the world. Most of the miniaturized spectrometers are 
based on Michelson interferometers. In most of the cases, majority of the optical and 
opto-mechanical components of the micro Michelson interferometer are fabricated by 
micro-machining methods. These include micro-mirrors, MEMS actuators and fibre U-
grooves to fit optical fibres. The common micromachining methods used are Deep 
Reactive Ion Etching (DRIE), wet anisotropic etching in KOH or combination of the 
two. Micro-mirrors which are moving in plane with the wafer sufaces are fabricated by 
etching down from the wafer surface, such that the mirror surfaces are actually the 
sidewalls of the etched features [10,11]. Unfortunately, it is usually very difficult to 
achieve low surface roughness for the sidewalls due to the fabrication processes; hence 
the optical properties of the micro-mirrors are usually degraded and the quality of the 
spectrometer is adversely affected.  
 
Some groups have designed their micro-mirrors to move out of plane such that the 
wafer surface can be used as the mirror surface and that the optical properties can be 
better controlled this way [12]. In addition, it is quite impossible to fabricate a micro-
beam splitter of superior optical properties, concurrently with the other intended 




involved some forms of micro-assembly, where small, off-the-shelve beam splitters 
are attached to the devices manually under the microscope [13].  
 
As the resolution of the spectrometer depends linearly with the maximum 
displacement of the movable mirror, it is highly desired to design actuators with large 
travels. The actuation of the movable mirror is done using normal MEMS actuation 
technique such as electrostatic [10,11,12] and magnetic [13,14]. Travel lengths of 
38.5μm [11] and 60μm [13] have been recorded using electrostatic actuation and 
electro-magnetic actuation respectively. Electromagnetic actuation generally achieves 
higher displacement than electrostatic actuation at a lower voltage drive; however the 
fabrication process for electromagnetic actuation is relatively more complex. In a bid 
to increase the maximum displacement, some devices are actuated in resonance mode 
by sending the voltage drive at resonant frequency. A remarkable displacement of 
200μm is recorded by Andres et. al. when the movable mirror is resonating at a 
frequency of 5kHz [12]. 
 
 
Other than Michelson interferometer, lamellar grating interferometers are also 
miniaturized using MEMS technology. The attractive point of lamellar grating based 
micro-spectrometers is the possible absence of beam splitters. It increases the light 
utilization efficiency and eliminates the problems with the non-constant reflection-to-
transmission ratio over a broadband source. In addition, lamellar gratings can be 
fabricated relatively more easily using the current fabrication process and hence allow 
greater ease of integration, allowing the device size to be further reduced. Research 




electrostatic actuators. The grating mirror facets are fabricated using vertical DRIE 
etched sidewalls in a thick device layer of a silicon-on-inslator (SOI) wafer and the 
mobile grating facets are driven in an in plane motion by a comb drive microactuator. 
The spectrometer demonstrated an impressive wavelength resolution in the visible 
region. However, due to diffraction, the performance of the spectrometer is limited by 
the height of the grating facets and the quality of the grating facets surface may not be 
ideal.  
 
Another group by Ataman C. et. al. [16,17] designed a micro-spectrometer where the 
grating facets are driven out of plane using vertical comb drive actuation. In this case, 
the grating area can be relatively large, thereby overcoming the diffraction problem.  
 
1.8 Project Objective 
 
This research focuses on miniaturized field-applicable Fourier transform infrared 
(FTIR) spectrometers based on MEMS technology, which has the potential to form a 
new generation of multi-component infrared chemical sensing system in the field of 
environmental monitoring. The objective is to design and fabricate miniature lamellar 
grating FTIR spectrometers based on MEMS technology. This type of FTIR 
spectrometer has a number of outstanding advantages over those based on Michelson 
interferometer, including absence of beamsplitters, robustness, and high efficiency. 
With MEMS micromachining technology, it is possible to develop a lamellar grating 
interferometer capable of operating at near infrared or even visible region. 






In this thesis report, the various lamellar grating based FTIR micro-spectrometers 
which have been designed by the research group will be introduced. There is an 
attempt to incorporate the advantage of FTIR spectroscopy into a MEMS device in a 
bid to build a practical FTIR spectrometer with true portability.  
 
The major contributions of this thesis towards the development of FTIR MEMS based 
spectrometer include: 
(1) Designing a novel, micro lamellar grating spectrometer which can actuate out of 
plane. 
(2) Achieving a higher optical path difference and resolution at a lower voltage by 
actuating the device at resonant mode.  
(3) Developing an electronic acquisition system to capture interferogram data with a 
reference laser. 
 
The principle of FTIR spectroscopy will be presented in more detail in the next chapter. 
The subsequent three chapters will report on the experimental results derived from the 
different designs of the micro-spectrometers and data acquisition methodologies. 
Finally, a conclusion and discussion of the future works of the project will be 
presented. 
 
A summary of each chapter is given below. 
Chapter 2 
The working principle of Fourier transform spectroscopy will be presented in detail. 




transform spectroscopy. Next, the lamellar grating spectrometer will be introduced. 
The diffraction theory of a lamellar grating will be discussed so as to explain how the 
diffraction pattern of a lamellar grating in zeroth order is the same as the interference 
pattern required in Fourier transform spectroscopy. 
 
Chapter 3 
An electrostatic driven micro-spectrometer will be introduced. The spectrometer is 
designed based on the Poly-MUMPs process, where a two-tier structure is fabricated 
with the upper tier being supported by a hinge mechanism. Data acquisition is done at 




A micro-spectrometer is designed based on the SOI MUMPs process. A small magnet 
is attached to the platform such that the device can be actuated by an electro-magnet. 
Data is also recorded at constant optical path difference (OPD) interval  which is 
controlled by the electromagnet.  
 
Chapter 5 
In a bid to increase the resolution of the spectrometer with a lower input voltage, we 
actuated the device in the resonance mode and attempt to record the intereferogram 
with a data acquisition system. The main focus of this section is on the development of 
a data acquisition circuit system which allows the interferogram to be acquired 




the trigger pulses needed for the analogue-digital conversion process. The same 
electromagnetically driven micro-spectrometer is used for this experiment.  
 
Chapter 6 
A conclusion of all the experimental works will be presented. This is followed by a 
section on future works where the idea of using MEMS synthetic FTIR spectrometer to 







CHAPTER 2. WORKING PRINCIPLES OF FTIR 
 
In this section, the working principles of FTIR will be discussed with an emphasis on 
lamellar grating spectrometer which will be the main design of the proposed devices. 
A short review on interference and diffraction will be presented in order to understand 
the physics behind interferometry. First, the Michelson interferometer will be used to 
introduce the basic concept of Fourier transform spectroscopy. These include the 
introduction of the integral equation which enables one to obtain the spectrum from the 
interferogram of a two-beam interferometer. Next, the lamellar grating spectrometer 
will be introduced. The diffraction theory of a lamellar grating will be discussed so as 
to explain how the diffraction pattern of a lamellar grating in zeroth order is the same 
as the interference pattern required in Fourier transform spectroscopy. 
 
2.1 Review of Interference and Diffraction 
 
If two waves are in the same place at the same time, they produce an effect which is 
equal to the combined effects of the two waves in accordance with the principle of 
superposition. This phenomenon is known as interference and the two waves are said 
to interfere with each other. Interference occurs whenever two waves come together, 
but certain conditions are needed to be fulfilled if the effects of interference are to be 
capable of being observed. 
Diffraction is the apparent ``bending'' of light waves around obstacles in its path. This 




if they were point sources. Hence, when  a wave comes against a barrier with a small 
opening, it is as if all but one of the effective point sources are blocked, and the light 
coming through the opening behaves as a single point source, so that the light emerges 
in a radial directions, instead of just passing straight through the slit in a planar fashion.  
The effects of interference and diffraction are clearly demonstrated in Young’s double 
slit experiment as shown in Figure 2.1.  
 
A monochromatic light of wavelength, λ   is incident on slit, S0. The waves emerging 
from this slit arrive at a second barrier that contains two slits, S1 and S2. These two 
slits serve as a pair of coherent light sources because wave emerging from them 
originate from the same wave front and therefore maintain a constant phase 
relationship. The interference of light diffracted from S1 and S2 produces a visible 
pattern of bright and dark parallel bands called fringes. The Young’s experiment can 
be described quantitatively with the help of Figure 2.2. To reach any arbitrary point P 
above the mid point of the screen, a wave from the lower slit, S2 travels farther than a 
Double
slit 
Figure 2.1: Young’s double slit experiment. Light get diffracted when it falls on S0
which is narrow and so it illuminates both S1 and S2. Diffraction also takes place at S1













where light from S1 









wave from the upper slit, S1.If we assume that r1 and r2 are parallel, which is 
approximately true because L is much greater than d, the difference in the distance 
traveled can be given by the following expression.  
θδ sind=                                                               (2.1) 
 This distance is also called the optical path difference (OPD)δ  and θ  is the angle 
between two lights.  
 
The value of δ determines whether the two waves are in phase when they arrive at 
point P. If δ is either zero or some integer multiple of the wavelength, then the two 
waves are in phase at point P and constructive interference results (bright fringe). On 
the other hand, when δ is an odd multiple of 2/λ , the two waves arriving at point P 
are 180o out of phase, giving rise to destructive interference (dark fringe). The 
expressions for constructive interference and destructive interference can be expressed 
as below. 
 










Constructive interference (Bright fringe):  
λθδ md == sin                ,....2,1,0 ±±=m                  (2.2) 
Destructive interference (Dark fringe):  
λθδ )
2
1(sin +== md           ,....2,1,0 ±±=m                (2.3)  
2.2 Working Principle of the Michelson Interferometer 
 
The Michelson interferometer is shown schematically in Figure 2.3. An 
monochromatic collimated light source illuminates a beamsplitter, where the light is 
split into two separate beams.  The light is returned from each of the mirrors to the 
beamsplitter, which now acts as a beam combiner. The two beams then form an 
interference pattern at the focus of the lens. The interference condition for the two rays 
is determined by their optical path difference,δ (OPD) which is equivalent to twice the 
distance, d. Theδ of the system can be varied by adjusting the movable mirror, M1. At 
the initial position, the distance of M1 and M2 are the same from the beam splitter and a 
bright fringe can be seen at the screen. When M1 is moved a distance, d= 4/λ  toward 
M, δ changes by 2/λ (twice of d), a dark fringe appears on the screen (corresponding 
to destructive interference). As M1 is moved another distance, d= 4/λ  toward M, the 
dark fringe becomes a bright fringe. Thus, the fringe pattern shifts by one half fringe 
each time M1 is moved a distance of 4/λ . The flux density of the fringe varies as a 








Considering the two coherent waves from the two arms of the interferometer 
recombining at the beam splitter, the resultant electric field, Rε  can be expressed by the 
following equation [6]. 
 
)1)((),( 2πσδσεσδε iR e−+=              (2.4) 
where )(σε is the electric field amplitude for certain wave number, σ  and wave 
number, λσ /1=  
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Figure 2.3: Schematic of the Michelson interferometer. M1 is the movable mirror and 




When a broad band source is used, there is no phase difference between the fluxes of 
different wave numbers at a given optical path difference,δ . Hence it is possible to 





),()( σσδδ dBI R         (2.6) 
The transition from Eqs. (2.6) to Eqs. (2.7) is based on Wiener-Kintchine theorem [7]. 
A brief description of the theorem is shown in Appendix A. Using the Wiener-
Kintchine theorem [11], the light power spectrum )(υB and the interferogram is related 
to a Fourier transform by the following equation. 
∫∞
∞−
−= δπδσδσ diIB )2exp()()(          (2.7) 
where λσ
1=  is the wavenumber. 
 
2.3 Working Principle of the Lamellar grating 
Interferometer 
 
The lamellar grating interferometer can be treated as two sets of mirrors-the front 
facets and the back facets as shown in Figure 2.4 [6]. Each set of strip mirrors can be 






the diffracted wave amplitude is given by  
 
FEE sfront =  (2.8) 
 
where sE is the diffracted wave amplitude for a single facet and F expresses the 
interference between the diffracted wave from the array of mirrors or facets. 
 
For a long slit of width a/2 with normally incident waves of wavelength, λ , the 


















Figure 2.4: Optical diagram of the lamellar grating with light of wavelength, λ , 
incident normally on the grating surface and diffracted at an angle α. The width of 




For an array of N facets at a distance of a aparts, one has 
 
( )[ ]









aNF  (2.10) 
 
So far, only the front facets are considered. In order to include the effect of the back 
facets, the total amplitude will be expressed as the following.  
 
backfront EEE +=  (2.11) 
 
Since the front and back arrays are identical, the two reflected waves have only a 
phase difference ϕ  between them. Hence by substituting Eqs. (2.8), (2.9) and (2.10) 
into Eqs. (2.11), the following function is obtained. 
 
ϕi
ss FeEFEE +=  (2.12) 
 
The phase is given by λπδϕ /2= .The total optical path difference δ is given by 
 
( )[ ]ααδ sin)2/(cos1 dad ++=            (2.13) 
 
The phase between the front and back facets is  
 





Substituting Eqs. (2.9) and (2.10) into (2.12), the total amplitude of the wave diffracted 
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where ( )[ ] λαπϕ /sin1 aNN −≡  
 






























aEEI   (2.16) 
 
The first term in Eqs. (2.16) is the single facet or mirror term; the second term 
accounts for the accounts for the array of N identical mirrors in either the front or back 
plane. The first and second terms are basically constants which account for the 
gratings design and the incident angle of the light ray. The third term results from the 
phase difference between the waves diffracted from the front and back mirrors. 
Consider the zeroth order, m=0 and normal incidence of the laser ray, therefore 0=α , 
the intensity of the zeroth diffraction order beam is then proportional to  
 
)(cos)/2(cos)( 22 πσδλπδ ∝∝ dQI                (2.17)            





The intensity of the light is related to the displacement of grating, d through the cosine 
square graph as shown in Figure 2.5. Revisiting Eqs. (2.5), the following expression 




1),( 2 πσδπσδσδ =+∝B              (2.18) 
 
It has been proven that Eqs. (2.18) leads to Eqs. (2.7) which are the basic equations of 
Fourier transform spectroscopy. Since Eqs. (2.17) from the lamellar grating diffraction 
theory for the zeroth diffraction order beam and Eqs. (2.18) from the interferometry 
are the same, it is proven that the lamellar grating in the zeroth order can be used for 
Fourier transform spectroscopy. In the other words, the diffraction pattern of a lamellar 
grating in zeroth order is the same as the interference pattern required in Fourier 
transform spectroscopy. Hence the spectrum of the interferogram from lamellar grating 




















CHAPTER 3. AN ELECTROSTATIC DRIVEN 
LAMELLAR GRATING MICRO-
SPECTROMETER FABRICATED WITH POLY 
MUMPs PROCESS 
 
This chapter will give a detailed description of the lamellar grating micro-spectrometer 
which is meant to serve as a proof of concept. The design and fabrication process of 
the device will be discussed briefly in the first section, followed by the 
characterization of the micro-spectrometer. The characterization of the FTIR can be 
divided into electro-mechanical and optical. The electro-mechanical performance of 
the spectrometer is done with an optical profiler. An empirical equation relating the 
displacement of the laminar grating and the voltage for the electrostatic attraction will 
be discussed. Finally, the optical characterization of the spectrometer will be 
investigated by analyzing the interferogram and the resultant spectrum. 
 
3.1 Design and Fabrication 
 
A lamellar grating spectrometer is fabricated using Poly Multi-User MEMS Processes 
(PolyMUMPs®) technology. MUMPs technology is a surface microfabrication 
technique that is offered by a private company, MEMSCAP® for the fabrication of 




sacrificial oxide layers in between. The exact fabrication process flow can be found 
from their website [19]. The masks for the two polysilicon layers are designed such 
that there is a two tier structure for the lamellar grating spectrometer.  When the top 
polysilicon layer is released, it is still supported by a hinge mechanism. The hinge 
mechanism allows the top, released polysilicon layer to be pushed up via the 
supporting plates and a locking mechanism is also incorporated such that the top layer 
can be locked in place. Additional supporting springs are also designed to provide 
additional support for the top polysilicon layer. Figure 3.1(a) and Figure 3.1(b) show 
the SEM pictures of the micro-spectrometer and the hinge mechanism respectively.  
 
 
Figure 3.1: SEM pictures of the micro-spectrometer (a) An overview (b) The hinge 






Figure 3.1(c) shows a close-up view of the grating structure on the top polysilicon 
layer. There is a movable platform which is connected by eight springs to the top 
polysilicon layer. Gratings are designed such that alternate fingers are attached to the 
movable platform and the top polysilicon layer respectively. Using electrostatic 
attraction, the movable platform acts as the top electrode while the substrate acts as the 
bottom electrode. When a differential voltage is applied to the two electrodes, the 
movable platform will be pulled down due to electrostatic attraction. The vertical 
heights of the light reflecting fingers change due to this attraction, forming the facets 
of front and back mirrors for the lamellar grating. 
 
3.2 Characterization of the micro-spectrometer  
 
The characterization of the spectrometer can be divided into two sections, namely the 
electro-mechanical and optical. As described in the introduction, the lamellar grating 
of the spectrometer is actuated by electrostatic force; hence it is essential to determine 
the amount of voltage that is needed to actuate a certain depth of the gratings. This part 
of the characterization will constitute the electro-mechanical section. Next, the optical 
performance of the spectrometer is being investigated. This part of the experiment will 
justify the analytical studies which have been made in the previous chapter and that the 
spectrometer is able to obtain a decent interferogram which will generate a reasonable 







3.2.1 Electro-mechanical Characterization 
 
 
The movement of the gratings is actuated by the electrostatic attraction between the 
movable upper electrode (the platform) and the fixed lower electrode as shown in 
Figure 3.2. The displacement is controlled by the amount of voltage applied across the 
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where  m /  F  10 8.85 -120 ×=ε  is the absolute permittivity of the dielectric material, A 
is the area of the electrode, V is the voltage applied across the electrodes, g is the 
initial gap between the electrodes and z is the displacement of the movable electrode 
due to the attraction. 
 
This electrostatic force is balanced by the elastic force of the eight springs holding 
onto the upper electrode. The spring constant of the eight springs, k, can be calculated 
by first determining the equivalent spring constant, k’. Therefore, the static equation 
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'2'4'2 2232 +−=                                     (3.3) 
 
Eqs. 3.3 shows the analytical equation, which is a cubic polynomial equation, for 
electrostatic attraction between the two electrodes. For the characterization of the 
spectrometer, the voltage across the electrodes is varied and the displacement of the 
movable electrode for each voltage increment is measured using the optical profiler.  
 
The optical profiler used is capable of delivering precise, fast and accurate three- 
dimensional surface measurements with superior vertical resolution of 0.1nm. The 
system works on the principle of interferometry. An incoming light is split inside the 




beam going to the sample surface. The two beams are then recombined, forming 
fringes due to constructive and destructive interference. These data are analyzed by the 
system to generate a three-dimensional interferogram of the surface, processed by the 
computer and transformed by frequency domain analysis to form a quantitative three-
dimensional image. It offers a non-contact mean to determine the static surface and 
height profile of a micromachined device non-destructively. Figure 3.3 shows the 
optical profiler and the software user interface of the system. 
 
 
The graph of Voltage vs Displacement can then be plotted with the data collected. The 
initial distance between the two electrodes is also measured using the optical profiler 
and it is determined to be 121.5μm.  
 
The graph of Voltage vs Displacement is plotted and fitted to a cubic polynomial 
equation as seen in Figure 3.4. 
   
xababxaxV 2232 2 +−=                                           (3.4)   







'2=  and b is the initial gap between the two electrodes. 
 
From the graph, the following result is obtained 
03559.0'2 ==
A
ka ε                                              (3.5) 
 
The area of the electrode is designed to be 211600μm2.  
Solving Eqs. 3.5, 
mNk /0333.0'=  
 
The calculated spring constant is a reasonable value. The spring constant cannot be too 
high as it will require a higher voltage for the system to achieve the same displacement. 
On the other hand, the spring constant cannot be too low as this will cause the system 
Figure 3.4: Graph of Voltage (V2) vs Displacement (μm) and curve fitting of graph 
Displacement (μm) 
General model: 
       f(x) = a*x^3-2*a*b*x^2+a*b^2*x 
Coefficients (with 95% confidence 
bounds): 
       a =     0.03559  (0.03549, 0.03568) 
       b =       121.5  (fixed at bound) 
 
Goodness of fit: 
  SSE: 1.514e+004 
  R-square: 0.9999 
  Adjusted R-square: 0.9999 









to be easily affected by external environmental vibrations and undermine the 
possibility for practical outfield application. This value also compares well with a 
value of 0.032N/m which is obtained through finite element simulation. The slight 
difference in results may be due to experimental error or inappropriate identification of 
the boundary conditions during simulations. 
 
3.2.2 Optical Characterization 
 
 
The optical performance of the spectrometer is investigated by performing the 
following optical experiment. Two distinct laser sources, namely the HeNe laser and 
the Diode Pumped Solid State (DPSS) laser which are of wavelength 632.8nm and 
532nm respectively, are used in the experiment. The two laser sources are coupled in 
free space and incident onto the micro-spectrometer. The various diffraction order 
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beams from the grating is reflected at a right angle by the beam splitter. The aperture, 
which is essentially a shield with a variable opening in the middle, is positioned in 
such a way that only the zeroth order diffraction beam will reach the laser detector. 
This is essential as Eqs. 2.8 is applicable only to the zeroth order diffraction beam. The 





In order to obtain a decent interferogram, the relative displacement of the light 
reflecting finger must be moving in constant incremental steps. These movements are 
controlled by the LabView® software which is able to give a constant, incremental 
displacement of the lamellar gratings by giving an equivalent voltage output for each 
increment. The equivalent voltage output is calculated using Eqs. 3.4 which is obtained 
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stand 




readings from the laser detector will also be recorded by the program after each 
voltage output. A typical interferogram obtained from the experiment is shown in 
Figure 3.7 and a Fast Fourier Transform (FFT) operation is performed on the data to 





Figure 3.7: Interferogram obtained from the experiment 





3.3 Discussion of results 
 
The spectrum which is obtained from Figure 3.8 shows peaks at 635nm and 531nm. 
These values correspond to the two laser sources which are used during the experiment. 
This result is accurate to a range of ±3nm of the actual wavelength of the laser sources. 
The theoretical resolution of a FTIR spectrometer is given by Eqs. 3.6. 
 
max
2 / dλλ =Δ                                                 (3.6)    
where maxd is the maximum displacement of the mirror. 
 
A maxd of about 28μm is achieved in the experiment, yielding spectroscopic resolution 
of 14nm and 10nm at 632.8nm and 532nm respectively. In general, this resolution is 
reasonable to identify most solid and liquid specimen, while a higher resolution is 
generally required for gas sensing capability. This result is fairly reasonable, the 
resolution of the spectrometer does not satisfy the requirements of a practical 
spectrometer which needs a resolution of 0.01nm for actual chemical sensing 
capabilities. The resolution can be increased by increasing the displacement 






Another factor which may influence the performance of the spectrometer is the 
flatness of the fingers. During the deposition process of surface micromachining, stress 
is introduced in the different material layers. Hence when the lamellar gratings are 
released, stress within the gratings will cause them to bend away from the horizontal 
planes as seen in Figure 3.9. This bending will influence the diffraction results as the 
depth between two consecutive gratings will not be a constant and the assumption that 
the gratings are acting as multiple flat mirrors cannot hold.  
 
Furthermore, the curvature of the gratings also caused the reflected light beams from 
the fixed and movable fingers tend to propagate in two different directions with a 
small angle between them as shown in Figure 3.10(a), thus preventing interference 
from occurring. To overcome this problem, a focusing lens is inserted between the 
collimator and the beam splitter to make the two reflected light beams converge and 
overlap with each other to produce an interference pattern in the detection plane as 
shown in Figure 3.10(b) and 3.10(c).  
  
Figure 3.9: Graph from the surface profiler showing the deformation of the grating 






In conclusion, although the performance of the spectrometer is less than ideal, this part 
of the project has proven the feasibility of achieving a lamellar grating based micro-
spectrometer using MEMS technology. Next, the project can progress by improving 
the performance of the device. In the next chapter, a micro-spectrometer which has a 
thicker grating structure will be presented. The increased thickness will enhance the 
stiffness of the gratings so as to minimize its bending. A new actuation system is also 
introduced to achieve a higher displacement for the gratings, so as to improve the 
resolution of the device. 
 
Figure 3.10: Images of the reflected light beams captured by detector. (a) Light 
reflected from grating with collimated incident light; (b) and (c) shows the
interference patterns at two different OPDs. 
Light beam reflected 
off the fixed fingers 
Light beam reflected off 
the movable fingers 
Constructive interference Destructive interference 





CHAPTER 4. AN ELECTROMAGNETIC DRIVEN 
LAMELLAR GRATING MICRO-
SPECTROMETER FABRICATED WITH SOI 
MUMPs PROCESS 
 
In this chapter, a new device which is fabricated using SOI MUMPs process is 
introduced. The device layer of the SOI wafer used is 25μm. This thickness allows the 
grating fingers to be stiffer so as to resist bending due to inherent stress during 
fabrication. The device is actuated by an electromagnet which can produce a large 
force at a relatively low voltage. Bi-direction actuation is also possible by changing the 
polarity of the electromagnet. The preference for electromagnetic actuation is 
explained in the first section. The design and fabrication process using SOIMUMPs 
process is described in the next section. The characterization process involves testing 
the maximum displacement that can be achieved by the device. A HeNe laser and a 
diode-pumped solid-state (DPSS) laser are coupled and used to demonstrate the 
system’s optical performance. The two different wavelength components introduced 
are distinctly distinguished with a spectral resolution of around 3.8nm at 632.8nm and 






4.1 Electromagnetic Actuation 
The common actuation techniques used in MEMS consist of electrostatic actuation, 
electromagnetic actuation, piezoelectric actuation, thermal actuation and even the 
utilization of shape memory alloys. Different actuation mechanisms have their own 
unique capabilities and disadvantages; hence the selection of the type of micro-
actuator is determined primarily by the device’s requirements and applications. In the 
case of the micro-spectrometer, electrostatic actuation is commonly used because of its 
excellent compatibility with current microelectronic fabrication technology. However, 
there are some distinct drawbacks using electrostatic force to actuate micro-
spectrometers.  
Firstly, electrostatic force can only move object in one direction as only attractive 
forces can be produced. As a result, identification of the zero OPD will be difficult, 
and any mislocation of the zero OPD point in the single-sided interferogram will 
induce errors in the reconstructed spectrum. Although some methods, such as 
sandwiching the movable structure between two sets of stationary electrodes, have 
been used to solve this problem, they work at the expense of increasing the complexity 
of the actuator structure, fabrication process and back-end data processing. Secondly, 
the spectral resolution of the spectrometer is inversely proportional to the maximum 
OPD. Therefore, the movement of the movable facets in a lamellar grating 
interferometer should be designed to be as large as possible in order to obtain high 
resolution measurements. However, in the case of electrostatic actuation, the 
movement range is typically restricted to tens of micrometers due to the side pull-in 
problem associated with this type of microactuators [21]. This relatively small 




spectroscopy for chemical sensing. Although a displacement of nearly 100 microns 
can be realized [22], it significantly increases the complexity of the mechanical design 
while at the same time requiring an ultra-high voltage source and additional control 
circuits.  
In contrast, electromagnetic actuation can achieve a bi-directional movement by 
simply changing the polarity of the input current applied to the electromagnetic 
actuating coil and it can be done without any compromise in device compactness and 
performance. Consequently, two-sided interferogram can be recorded and the correct 
spectrum can be obtained without any prior knowledge of the location of the origin. 
Considering the fact that the device needs to be actuated to move several tens or even 
hundreds of microns [9], it can be seen that within this relatively large space, the 
electromagnetic actuation can provide a larger force than an electrostatic one given the 
same actuator dimension, therefore providing larger movement capability. Moreover, 
the resultant force varies linearly with the actuating current, leading to greatly 
simplified control procedures. Another point to note is that the pull-in phenomenon 
associated with electrostatic actuation can be avoided by using an electromagnetic 
actuator instead. Therefore the reliability of device is expected to be better.   
4.2 Design and Fabrication 
SOI MUMPs process is another commercial foundry process offered by MEMSCAP®. 
The process starts with a Silicon-On-Insulator (SOI) wafer, which consists of a stack 
of handle wafer (fixed 400μm), buried oxide, and device wafer. The thickness of the 
device wafer is chosen to be 25μm so as to minimize the curvature of the lamellar 




spectrometer is similar to the one presented in the previous chapter, except that there is 
no two-tier structure. The design consists of a central platform which is suspended by 
four folded-beams on the four edges of the platform. Its equivalent spring constant 
along the actuating direction can be expressed as: 
 
33 /4 lEbhkz =                                               (4.1) 
 
Table 4.1: Dimensions of structure 
Part Size 
Folded beam Length: 2.43mm; width: 25μm 
Grating 
Finger width: 10μm; gap:3μm; 
Finger length: 500μm  
Platform 1mm x 1mm 
 
With these structural parameters and the material property of single crystal silicon 
(E=169GPa), from Eqs. 4.1, kz=18.403Nm-1. The dimensions of the structures are 
shown in Table 4.1.  
 
Special attention has been taken to minimize any possible nonlinear motion of the 
platform. The folded beams are positioned symmetrically to avoid any imbalance 
support. Dimensions of the folded beams have been derived through simulations such 
that the spring constant of the beams are relatively smaller in the out of plane direction 
as compared to any other direction in the plane.  The design of the various lithography 
masks are also considered such that the folded beams are dimensionally identical after 




techniques can be used in the design process to achieve these. Drop off structures are 
designed so that the surface area exposed to the etching reagent are almost constant 
across the device. This will ensure uniform etching across the device surface and 
minimize any problem in dimension inconsistency. 
 
 
Gratings are designed such that one set of the fingers are attached to the central 
platform while the alternate set is fixed to the main substrate. The design of the 
spectrometer is etched into the device wafer and shown in Figure 4.1. 
 
 




Figure 4.2: Microscope image of the fabricated microspectrometer (TopView) 









A layer of gold is deposited over the lamellar grating so as to improve the reflectivity 
of the grating. The surface roughness of the grating fingers is relatively low such that 
the reflectivity of the surface is not affected. The main reason is that the surface of the 
grating finger is the initial polished surface of the silicon wafer. During the fabrication 
process, the surface is protected by resist or protective layers from any etching 
processes. A large hole is etched on the handle wafer just below the designs of the 
device wafer such that the suspending platform will be released when the buried oxide 
layer is removed. A micron-sized permanent magnet (dimensions: 700×700×500μm, 
mass: 2.7mg) with the magnetization perpendicular to the device surface is then 
assembled manually using UV epoxy. A picture of the whole device is shown in 
Figure 4.2. The actuation of the spectrometer is caused by an electromagnet which will 
be positioned under the device. A schematic of the whole fabrication process is shown 




Figure 4.3: Fabrication process flow (a) Wafer preparation, (b) Front-side




4.3 Characterization of the micro-spectrometer 
 
The electromagnetic force of the electromagnet is determined by the amount of 
magnetic field (or B-field) generated by the electromagnet. The amount of B-field 





μ=                                                       (4.2) 
where 0μ is the μo is the permeability of free space, N is the number of turns around the 
electromagnet, I is the current supplied and L is the length of the magnetic circuit.  
 
In the case of the micro-spectrometer, displacement of the micro-spectrometer’s 
central platform will be linearly proportional to the amount of current applied to the 
electromagnet since a linear relationship between the magnetic force and current is 
shown in Eqs. 4.2. As part of the characterization process, the platform deflection of 
the micro-spectrometer versus the applied current is obtained using the Zygo optical 
profiler. It can be seen from Figure 4.4 that the deflection of the movable fingers as a 
function of applied driving current is linear with a slope of 0.485μm/mA. Maximum 
deflections of +62.5μm and -62.5μm can be reached when positive and negative 
129mA are applied respectively. For two-sided interferograms, this results in a 
theoretical spectral resolution of around 3.2 nm at 632nm and 2.2 nm at 532nm. It is 
expected that larger deflections, for example hundreds of microns, can be achieved by 







An optical setup is constructed to characterize the optical performance of the 
fabricated device. It is similar to the optical setup which is introduced in the previous 
chapter. In the setup, a HeNe laser beam at wavelength 632.8 nm and a diode-pumped 
solid-state (DPSS) laser beam at wavelength 532 nm are coupled into a single-mode 
optical fiber (SMF) and then made incident onto the device surface via a collimator. 
The reflected light is transmitted through a beam splitter and an iris diaphragm (to 
filter out the unwanted non-zeroth diffraction orders) and finally received by a photo-
detector. A schematic of the optical setup is shown in Figure 4.5.  
 







A control software is used to control the power source such that a constant DC voltage 
is applied to the electromagnet and simultaneously the output voltage from the photo-
detector. After the data has been recorded, the DC voltage is adjusted to a new value 
and the process is repeated. The DC voltage supplied is in discrete values to ensure 
that the displacement of the lamellar grating increases at a rate of 0.1μm. The 
interferogram of the optical experiment is plotted and shown in Figure 4.6.  
 
The final spectrum is obtained by performing a complex Fourier transform on the 
recorded interferogram and taking the modulus of the transform. From the results, 
shown in Figure 4.7, it can be seen that two separate sharp peaks at 632.07nm and 
531.49nm appear in the spectrum, indicating that the spectral accuracy of the detected 
wavelengths is better than 1 nm. Using Eqs. 3.6, the spectral resolution is calculated to 
be around 3.8nm at 632.8nm and 3.44nm at 532nm wavelength.  
 








4.4 Discussions of results 
 
By comparing the spectra results of Figure 3.8 and Figure 4.7, the spectra result is 
greatly improved when the maximum OPD achieved by the device is increased 























O p t i c a l  p a t h  d i f f e r e n c e  ( μ m )
Figure 4.6: Interferogram recorded at different OPD, insert is the result obtained at 
OPD from -3.5μm  to 3.5μm  




significantly. The lower noise seen in Figure 4.7 can also be attributed to the bi-
directional actuation capability of the electromagnet as the problem of identifying the 
zero OPD is avoided by recording a two sided interferogram. The spectra resolution of 
3.8nm at a wavelength of 632.8nm and 3.44nm at 532nm can be considered to be 
remarkable. Measurement from the optical profiler shows that the grating fingers are 
still slightly deflected upwards at the initial position. As mentioned in section 3.3, the 
small deflection of the grating fingers will cause the reflected light beams from the 
fixed and movable fingers to propagate in two different directions, thus preventing 
interference from occurring. It is proposed that SOI wafers of thicker device layer 
(~75μm) can be used to fabricate the device in the future.  
 
In a bid to achieve a truly portable FTIR spectrometer, other aspects which constitute a 
feasible device need to be considered. This includes the power requirement of the 
device. In this experiment, a voltage output of nearly 24V is required for the 
electromagnet actuation. A lower output voltage requirement will be ideal for a 
practical portable device. In the next chapter, the idea of actuating the micro-
spectrometer with a lower voltage drive is investigated. This can be achieved by 
actuating the micro-spectrometer at the resonant frequency of the device. A new 
electronic system is required to capture the IR interferogram when the device is in 
resonance. The architecture of the electronic data acquisition system will be discussed 






Chapter 5. RESONANT-SCANNING LAMELLAR 
GRATING FOURIER TRANSFORM MICRO-
SPECTROMETER WITH A LASER REFERENCE 
SYSTEM 
 
It is desirable to design actuators with large travels as the resolution of the 
spectrometer improves when the lamellar grating achieves greater displacements. 
However, common MEMS actuation mechanisms such as electrostatic actuation 
generally require a relatively high input voltage to produce a large actuation force. The 
beams which support the movable grating can be designed to have a low spring 
constant such that a smaller force is needed to travel the same displacement. The 
negative effect of having a softer beam is that the device will be more susceptible to 
external environmental perturbations, making it impossible for the micro-spectrometer 
to work in outfield conditions. 
 
In this section, the idea of actuating the device at its resonant frequency is investigated. 
The main advantage of this method is that a large displacement can be produced at a 
relatively low voltage and that the spring can be designed to be stiffer. Another 
advantage of actuating the device at resonant frequency is that the interferograms can 
be collected at higher speeds and therefore transient spectroscopy measurements is 
possible.  A peak-to-peak displacement of 106μm at 28V using this method has been 




resonance mode is the difficulty of  sampling the interferogram signal from the 
detector at uniform, discrete intervals. Ataman et. al. [16,17] attempted to solve the 
problem by introducing an interpolation and resampling algorithm to the data before 
the Fourier transform operation.  
 
As mentioned in chapter 1, for most commercial interferometric spectrometers, a 
reference laser such as HeNe laser is used as an internal wavelength standard to 
measure precisely the displacement of the spectrometers’ actuator. The interferometric 
signal from this monochromatic laser is then used to clock the mirror movement and 
also to sample the IR interferogram. The frequency of the output spectrum can then be 
calculated by the known frequency of the laser light. The ability to impose self-
calibration using the reference laser is much more accurate and stable than the external 
calibration of dispersive spectrometers. It also provides a feedback response 
mechanism for the system to remain stable under external disturbance. This is 
especially important if the micro-spectrometer is meant to be developed into a portable 
device for out-of-lab usage.  
 
In this chapter, the device presented in chapter 4 is actuated in resonance mode using 
the electromagnet. The design and fabrication process of the device has been described 
in section 4.2. A sinusoidal voltage is applied to the electromagnetic actuator such that 
it can drive the device in resonant motion. A monochromatic, reference laser is used in 
the data acquisition of the IR interferogram. The interferometric signal of the 
monochromatic laser is recorded by a photo-detector and used to trigger the analogue-
digital convertor (ADC) to do a conversion for the analogue signal from the IR-




detailed description of the data acquisition system will be presented in the subsequent 
section.  
 




The schematic of the optical setup is shown in Figure 5.1, while the photograph of the 
actual experimental setup is shown in Figure 5.2. The output from the IR source and 
DPSS laser (which acts as the reference laser) are both coupled into an optical fibre 
and made incident on the device’s lamellar grating via a collimator and a focusing lens. 
An iris is used to filter out the unwanted diffraction orders emanating from the grating. 
The zeroth order beam is split into the IR and the visible laser components via a cold 
mirror and each is monitored by the respective detector. The electromagnetic actuator 
is driven dynamically by a signal generator.  






Figure 5.2: (a) Photograph of the optical setup; (b) Array of optical components to 













5.2 Architecture of electronic data acquisition system 
 
In this section, a detailed description of the electronic data acquisition system is 
presented. A total of three signals are acquired from the optical setup. They are the 
driving signal generated by the signal generator, the IR signal whose spectrum is to be 
determined and the DPSS laser signal which is used for the internal wavelength 
reference. These signals have been modulated and conditioned into digital signals such 
that they can be used to trigger the respective devices and computer algorithms in the 
system. A schematic of the data acquisition system is shown in Figure 5.3. A detailed 
description of data acquisition and conditioning of the three signals is introduced in the 
following three sections while the exact schematic of the electronic circuit is given in 
Appendix B. In the last section, the field programmable gate arrays (FPGA) system is 








5.2.1 Modulation and conditioning of lR interferogram 
 
The signal from the IR detector is generally left unaltered as it is the interferogram 
which need to be recorded as precisely as possible so as to achieve a proper spectrum 
after the FFT is performed. However, due to the limited power output of the IR 
detector, the analogue signal from the detector is relatively weak. Therefore, two 
operational amplifiers (AD825) are positioned in line with each other to amplify the 
input signal as shown in Figure 5.4. The amplifiers are chosen based on their high slew 
rate and relatively small response time so as not to introduce any undue delay in 
acquiring the IR interferogram after initiation. A variable resistor is used such that the 
amount of amplification can be adjusted according to requirements. The resultant 
analogue signal is then digitized using an Analogue-Digital convertor (ADC). AD7482 
which is a 12-bit, high speed, low power, successive approximation ADC. A 
conversion is initiated on the falling edge of the conversion signal that is derived from 
the DPSS laser signal. The derivation of the conversion signal will be discussed in 
more detail later.  
 
 
Figure 5.4: Two AD825 are used to provide amplification and a non-inverting output 




5.2.2 Modulation and conditioning of driving signal 
 
The signal generator is used to drive the electromagnet such that the device can be 
actuated at its resonant frequency. The same signal is used to trigger the software for 
the whole data acquisition process. It is desirable that the IR interferogram be recorded 
from the position where the lamellar grating has reached the maximum displacement. 
This position corresponds to the time when the maximum voltage from the signal 
generator is supplied. The signal from the signal generator is connected to a 
comparator and the reference voltage of the comparator is adjusted to a value near the 
peak of the input signal. The basic function of a comparator is to output a digital high 
signal when the input signal is higher than the reference voltage value. A pictorial 
representation of the operation of a comparator is given in Figure 5.5. Hence by using 
the comparator, a digital high signal can be obtained when the maximum voltage 
supplied by the signal generator is reached. A comparator, AD8561, is used to perform 
this task. The digital signal is then used to trigger the data acquisition software which 
will be introduced in section 5.2.4. The circuit diagram is shown in Figure 5.6. 
 
  
Figure 5.5: Schematic of using comparator to output digital high signal. The trigger 








5.2.3 Modulation and conditioning of DPSS laser signal 
 
As the lamellar grating resonates, the OPD of the DPSS interferogram signal will vary 
in a sinusoidal fashion. Hence, the DPSS output signal obtained, when plotted in the 
time domain, will have a varying periodicity in accordance with the instantaneous 
velocity of the lamellar grating. The period of the signal increases as the movable 
grating slows down when it reaches the extremities. Conversely, the period is the 
shortest when the movable grating is at the time when it is in-plane with the fixed 
grating. A theoretical plot of the interferogram of a monochromatic light source with 
the lamellar grating driving at 1 Hz is shown in Figure 5.7. It should be noted that one 
cycle of the reference interferogram (although non-uniform in the time domain) 
corresponds to a constant OPD which is equivalent to the wavelength of the reference 
light source. 
 
The interferogram signal oscillates about an average value (the DC level).A high- 
precision electronic circuit is used to produce a trigger pulse each time the signal 
crosses the DC level. The circuitry is designed such that one pulse is generated per 




cycle of the reference interferogram. Using this methodology, it is then possible to 
sample the IR interferogram at uniform discrete OPD intervals (which is basically the 
wavelength of the DPSS laser) regardless of the motion of the lamellar grating.  
 
  
The interferogram signal of the DPSS laser obtained during the experiment is shown in 
Figure 5.8. It has the varying periodicity that is due to the resonant motion of the 
lamellar gratings as mentioned earlier. Furthermore, it can be observed that there is an 
inherent DC drift inside the interferogram as indicated by the dashed line in the figure. 
It can also be seen that there is also a decaying trend in the amplitude of the signal as 
the displacement of the lamellar grating increases. This decay in amplitude is studied 
in detail and discussed in section 5.3. 
Figure 5.7: Theoretical plot of  interferogram of a monochromatic light source with the 










As mentioned earlier, the DPSS reference signal is aimed at ensuring that the IR 
interferogram is sampled at uniform discrete OPD intervals. However, the fluctuating 
DC level of the DPSS signal obtained (Figure 5.8) will result in random sampling of 
the IR interferogram and hence introduce spectral noise into the resultant spectrum 
[23,24]. To counter this, the original DPSS laser signal is conditioned and modulated 
in four stages, namely amplification, high-pass filtering, DC level shifting and 
generation of trigger pulses, in order to generate the correct trigger pulses for the ADC. 
The circuit schematic is shown in Appendix B.  
 
The output signal from the (visible wavelength) photodetector is relatively small 
(~10mVpp) and needs to be amplified to a reasonable range of ~1Vpp. This is done at 
the first stage through a simple amplification circuit with an operational amplifier 
(AD825) as shown in Figure 5.9(a).  
Figure 5.8: Interferogram signal of the DPSS laser as electromagnetic actuator moves 






At the next stage, the floating DC component is removed using a simple high-pass 
filter design. A high-pass filter is a filter that passes high frequencies well, but 
attenuates (reduces the amplitude of) frequencies lower than a cut-off frequency which 
is determined by the magnitude of the components. The high-pass filter design is 
shown in Figure 5.9(b). The electronic high-pass filter consists of a capacitor in series 
with the signal path in conjunction with a resistor in parallel with the signal path. The 
signal after passing through the low pass filter is shown in Figure 5.10. It can be seen 
that the floating DC component is removed and the DPSS signal is now oscillating 
about a constant DC voltage value of zero. After a constant DC oscillating voltage is 
achieved, the DC level of the signal has to be raised as the comparator (AD8561) only 
accepts positive signal input. The electronic circuit to achieve this purpose is shown in 
Figure 5.11. A simple potential divider method is used to raise the input signal to the 
required value. A non-inverting amplifier with unity gain is placed before the potential 
divider. It is used as a voltage follower, acting as a buffer to provide good current 
drive.  
 









The conditioned signal is then sent to the comparator (AD8561) such that the 
sinusoidal input is transformed into a square wave of equivalent period. The trigger 
voltage of the comparator is set at the amount of DC lift introduced beforehand. The 
square wave signal is then fed to the monostable multi-vibrator, 74HCT4538, for the 
Figure 5.11: Circuit to adjust the constant DC level of the signal. 
Figure 5.10: Signal of the DPSS laser after going through the high pass filter. The 




generation of trigger pulses. The function of the monostable multivibrator is to output 
a pulse by either the positive or the negative edges of the input pulse. The duration and 
accuracy of the output pulse are determined by the external timing components. These 
trigger pulses are then used as the triggering signals for the ADC conversion. 
Effectively, the developed electronic circuit has conditioned the raw DPSS laser signal 
to allow it to be used by the comparator and subsequently to generate the trigger pulses 
for the ADC. A schematic flow of how the triggering signal is produced after the 










5.2.4 Data Acquisition Software 
 
The algorithms for controlling the data acquisition process are developed under the 
LabView Program FPGA system. FPGA (field programmable gate arrays) are actually 
arrays of silicon chips with unconnected logic gates. The functionality of the FPGA 
can be defined by using software to configure the FPGA gates. Hence, the 
functionality of the software is effectively converted into hardware-based (logic gates) 
algorithms. FPGA systems offer many advantages over conventional software control, 
especially in terms of processing time. When executing in software, the calculations 
must be performed after multiple software calls through the application software, 
driver api, and operating system before actually interfacing with the unit under test. 
The fastest response time which can be achieved is around 25 micro-seconds. On the 
contrary, when executing calculations in hardware, software can be removed from the 
required response to the unit under test and the response to a digital signal can be 
within 25 nano-seconds for a FPGA system which is running at a clock rate at 40Mhz. 
Also, performing calculations in hardware provides the highest reliability possible 
where any crash at any software layer will not have any affect on the execution of the 
code. The fast response time offered by FPGA system ensures that there is minimal 
delay in capturing the digital data from the ADC, thus reducing the probability that the 
processed spectra will be affected. The software algorithm developed is described in 
Figure 5.13. 
 




5.3 Analytical study and discussion of the DPSS laser signal 
 
The decaying trend of the DPSS signal, mentioned previously in section 5.2.3, 
whereby it decreases with increasing displacement of the lamellar grating, can be 
attributed to the inefficient transmission of the diffracted wave from the back facets of 
the lamellar grating. There is a possibility that the diffracted wave from the back facets 
have been absorbed or internally reflected by the sidewalls of the fixed grating, 
attenuating the resultant intensity of these beams. The magnitude of attenuation will 
increase with the depth of the grating; hence an attempt to explain this phenomenon 
quantitatively can be done by revisiting the derivation of the diffraction equations for 
the lamellar grating as introduced in section 2.3.  
 
The situation can be modeled by introducing an attenuation factor, β  to the diffraction 
wave amplitude of the back facet, Bback of Eqs. 2.12. Hence it can be rewritten as  
 
ϕβ iss FeBFBB +=                                            (5.1)            
where 10 ≤< β . 
 
The lamellar grating illumination, considering the amplitude loss of the back facets, 





































Similarly, considering only the zeroth order and normal incident of the radiation, 
0=α , Eqs. (2.17) can then be simplified to the following. 
 
{ }22 )1()/2(cos4)( βλπδβδ −+∝I                               (5.3) 
where δ is the OPD. 
 
As mentioned earlier, it is expected that there will be greater loss of the diffracted 
wave intensity from the back facets as the displacement of the grating is increased; 
hence the attenuation factor, β  should be a function of the OPD, δ  and the function 
should be decreasing as δ increases. For simplicity, the attenuation factor, β  is 
assumed to be following expression. 
 
κδδβ −= 1)(                                                     (5.4) 
where κ is some constant which describes the rate of amplitude loss with the 
displacement of the grating. 
 
Substituting Eqs. (5.4) into Eqs. (5.3), 
 
( ){ }22 )()/2(cos14)( κδλπδκδδ +−∝I                           (5.5) 
 
Eqs. (5.5) is plotted in Figure 5.14 with κ = 0.005, λ = 0.533μm and δ ranging from 0 
to 80μm. The figure shows a gradual decay of the amplitude of oscillation and a non-
constant DC level of the signal. It is observed that the actual signal from the 
photodetector as presented in Figure 5.8 bears close resemblance to the analytical plot 




the intensity of the diffracted waves from the back facets reduces as the displacement 
of the grating increases. The likely cause is absorption and/or reflection by the 




In conclusion, the experimental and analytical outcomes are in agreement with each 
other. There is a general trend that the amplitude of the oscillations decreases as the 
depth of the grating increases. It is shown through analytical derivation that this 
phenomenon maybe due to the reduction in intensity of the diffracted ray from the 
back facets of the lamellar grating. The amplitude attenuation should have minimal 
effect on the triggering accuracy of the reference laser since the periodicity of the 
signal is a function of the optical path difference which not affected by the amplitude 
attenuation. Therefore, the amplitude attenuation will also have minimal effect on the 




Figure 5.14: Plot of Eqs. (5.5) is plotted with κ = 0.005, λ = 0.533μm and δ




5.4 Characterization of the micro-spectrometer  
 
First, the resonant frequency of the device is identified by sweeping through the 
frequency of the signal generator from 100Hz to 400 Hz at 10Hz intervals. The peak-
to-peak voltage of the signal is kept at 300mV throughout the experiment. The 
amplitude of vibration of the lamellar grating is determined by observing the reference 
DPSS signal. The number of peaks within one period of the lamellar grating’s 
oscillation is directly proportional to the amplitude of the oscillation. Subsequently, the 
frequency response of the system can be obtained and the resonant frequency 
identified as shown in Figure 5.15. It shows that the device has a resonant peak at 
330Hz. By driving the device at this frequency, a total grating displacement of 




A tunable laser source is used in the experiment. IR radiations with wavelengths 





















collected using the data acquisition system and the spectra are calculated using Fourier 
transform as outlined earlier. A sample interferogram for the IR radiation at the 
1520nm wavelength is shown in Figure 5.16 and the actual spectra for selected 
wavelengths are shown in Figure 5.17. The wavelengths at which the peaks occurred 
in the various spectra are obtained and shown in Table 5.1. The full widths at half 
maximum (FWHM) spectral resolution are also measured and tabulated. All the 




Figure 5.16: Interferogram of IR radiation (1520nm) collected when the device is 






Table 5.1: Peak recorded and FWHM at various wavelengths of IR radiation 
Wavelength of  
IR radiation (nm) 
Peak recorded  
in spectra (nm) 
Full width at half maximum  
(FWHM) spectral resolution (nm)
1520 1525 19 
1530 1535 19 
1540 1544 20 
1550 1555 20 
1560 1565 20 
1570 1575 20 
1580 1585 20 
1590 1595 20 
 
 
5.5 Discussion of results 
 
Through the experiment, it is shown that a relatively high OPD of ~100μm can be 










interferogram will depend on the resonant frequency which is, therefore, about 3ms. 
Another major advantage of this actuation method is the low voltage requirement of 
merely 2.2V. The data acquisition electronic system, which is designed to acquire the 
IR interferogram at resonance mode with the assistance of a reference DPSS laser, 
works perfectly. The system is used to measure the output of a tunable laser source 
from wavelength at 1520nm to 1590nm at 10nm intervals. The peak of the recorded 
spectra is very close to the actual wavelength of the IR, with a maximum difference of 
less than 5nm. It is also observed that the calculated peak has a constant difference 
with the actual IR radiation. This may be due to misalignment in the optical setup and 
hence it is advisable to do an adjustment of the recorded peak value (or calibration) 
such that a more accurate measurement can be achieved.  
 
A possible disadvantage of actuating the device in resonance is that the bandwidth of 
the various detectors posed a physical limit to the maximum scan length which can be 
achieved without creating any distortion to the interferogram. The actual displacement 
of the grating at resonance mode can be described by Eqs. (5.6) and the velocity of the 
grating can be calculated as Eqs. (5.7). 
 
)2sin( ftAx π=                                                 (5.6) 
where x is the displacement of the grating, A is the amplitude of the grating’s 
oscillation, f is the resonant frequency of the device and t is the time. 
 
)2cos(2 ftfAx ππ=&                                       (5.7) 





The maximum velocity of the grating can be calculated from Eqs. 5.7 
 
fAx π2max =&                                              (5.8) 
 














===                                    (5.9) 
whereλ is the wavelength of the light source. 
 
From Eqs. 5.9, the maximum frequency of the interferogram can be estimated and 
used as the minimum bandwidth requirement of the detector to be used. The maximum 
frequencies of the interferogram of the various light sources which are used in the 
experiment are shown in Table 5.2. 
 
Table 5.2: Maximum frequency of the interferogram for the various light source 
Light Source Central wavelength (nm)
Maximum frequency, 
maxf  (Khz) 





Sensitivity is another factor which needs to be considered when choosing the detector 
to use. The intensity of the diffracted beam from the gratings is usually small after 
passing through the array of optical components; hence a detector of high sensitivity is 
needed to measure the weak light beam. To complicate matters, the sensitivity 




proportional such that a detector of high sensitivity will have a small bandwidth and a 
detector of larger bandwidth will have lower sensitivity.  
 
Other novel methods to improve the spectral resolution of the micro-spectrometer 











The integration of Micro-electrical Mechanical Systems (MEMS) technology and 
FTIR spectroscopy has proven to be the solution for the realization of a truly small and 
portable micro-spectrometer. Various lamellar grating based Fourier transform Infra-
red electromagnet (FTIR) micro-spectrometers have been presented in this report and 
the performance of the spectrometers in term of spectral resolution and accuracy have 
been reasonably good. Though the performance of the micro-spectrometer is not 
superior to present commercial bench-top spectrometers, the proposed micro-
spectrometers can still achieve reasonably good results in chemical identification 
purposes for chemical sensors. It is believed that the benefits of being a portable 
spectrometer system will simply outweigh this slight disadvantage. Through the 
various modification in designs and actuation methods, a lamellar grating based FTIR 
spectrometer which possesses good resolution (~20nm) with relatively low power 
voltage (~2.2V) has been developed and presented. The presented design is not 
without limitations, but it has the potential of developing into a feasible portable gas 
sensing system. On a final note, the work on developing miniaturized spectrometer 
system should be further explored due to its immense potential benefits. The next 
section describes the future suggestions for future work that can be carried out to 





6.2 Future Work 
 
Figure 6.1: Schematic of a MEMS synthetic FTIR spectrometer  
 
Other novel methods of improving the spectral resolution of the micro-spectrometer 
can be explored. A plausible idea is MEMS synthetic FTIR spectrometer that utilizes 
multiple FTIR micro-spectrometers to significantly boost the spectral resolution. The 
basic idea behind the MEMS synthetic FTIR spectrometers is inspired by synthetic 
aperture radar (SAR) technology. As shown in Figure 6.1, an array of MEMS lamellar 
grating spectrometers will be employed, each scanning a limited range with different 
initial optical retardations. As shown schematically in Figure 6.2, the light spectrum is 
obtained by Fourier transformation of the “synthetic” interferogram that results from 
combining the interferograms obtained from the individual lamellar grating 
interferometers. Consequently, the resolution of MEMS synthetic FTIR spectrometer 
can be greatly improved as the maximum optical path difference in the “synthetic” 




miniaturized FTIR spectrometers imposed by the lack of sufficient maximum stroke of 
microactuators can be largely avoided. To achieve this objective, the fundamental 
theories behind MEMS synthetic FTIR spectrometers need to be investigated and 
methods to synchronize the multiple micro-spectrometers as well as the algorithms to 
construct “synthetic” interferograms need to be developed.  
 
Figure 6.2: Synthetic interferogram constructed using multiple interferometers to 
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The derivation process of Wiener-Kintchine theorem is as follows [18]: 
Assume one of the interfering light waves is expressed as )(tu and the other one is 
)( δ+tu , whereδ is the OPD difference between these two waves. 
 
The interferogram is defined as the autocorrelation function of two interference waves. 
δδδδ ∫ +=+= dtutututuI )()()()()(  
 
While the spectrum is define as 2)()( σσ uB = , where )(σu is the Fourier transform 



















































































































































































Appendix C: Interferogram of IR source at wavelength of (a)1520nm, (b)1530nm, 
(c)1540nm, (d)1550nm, (e)1560nm, (f)1570nm, (g)1580nm, (h)1590nm. 
(a) (b) 
(c) (d) 
(e) (f) 
(g) (h) 
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